Introduction
============

A reduction in the number of blood cells, including red blood cells, leukocyte and platelets, is a common complication of liver cirrhosis (LC), and may exacerbate the progression of the disease and severely affect the patient\'s quality of life ([@b1-mmr-14-05-4629]). The mechanisms underlying the observed reduction in the number of blood cells in LC are unknown, however, several mechanisms have been proposed for this anomaly. For instance, hypersplenism and reduced liver thrombopoietin leads to platelet deficiency ([@b2-mmr-14-05-4629]). In addition, portal hypertension may lead to gastrointestinal bleeding, hemolysis and reduced hematopoietic substances, such as iron and folic acid, which may induce anemia ([@b3-mmr-14-05-4629]). Furthermore, hepatitis viruses, excessive alcohol consumption and the intake of certain drugs, including methotrexate and amiodarone, often lead to LC ([@b4-mmr-14-05-4629],[@b5-mmr-14-05-4629]). If bone marrow production is suppressed, these factors may lead to deficiencies in bone marrow function, which may subsequently affect the function of the hematopoietic system ([@b6-mmr-14-05-4629],[@b7-mmr-14-05-4629]). A previous study demonstrated that bone marrow endothelial cells (BMECs) derived from rats with liver fibrosis (LF) exhibited ultrastructural changes *in vivo*, and *in vitro* results demonstrated that the serum of patients with LC may induce apoptosis in BMECs ([@b8-mmr-14-05-4629],[@b9-mmr-14-05-4629]).

BMECs are an important component of the hematopoietic microenvironment, where they generate hematopoietic stem cells and serve an important role in regulating the self-renewal, differentiation, homing and migration of hematopoietic stem cells ([@b10-mmr-14-05-4629]--[@b12-mmr-14-05-4629]). Therefore, damage to the bone marrow microenvironment during LC by serum inhibitory factors such as endotoxin and inflammatory cytokines, may subsequently result in damage to hematopoietic stem cells. Thus, determining the mechanisms underlying the destructive actions of LC on the bone marrow microenvironment, and the identification of an effective drug therapy that inhibits this process, is important for the study of hematological abnormalities during LC, as well as for the clinical treatment of LC.

Previous studies have demonstrated that protein kinases, which are intermediate molecules in signal transduction pathways, can regulate the activity of metabolic enzymes or the expression of genes by phosphorylating target proteins ([@b13-mmr-14-05-4629]). Protein kinases are one of the most important regulatory factors of cell behavior, and are associated with almost all cellular functions. The central role of protein kinases in controlling cellular behavior demonstrates their potential as a therapeutic target for a number of diseases, including cancer, inflammation and eye diseases ([@b14-mmr-14-05-4629]). Thus, protein kinases have been widely studied as potential therapeutic targets. In addition, with the increase in the number of studies investigating protein kinases as therapeutic targets for different diseases, the development of novel kinase inhibitors is increasing rapidly. To date, 30 kinase inhibitors have been approved by the US Food and Drug Administration for clinical treatment or testing, and these developments have promoted the advancement of laboratory results to clinical practice ([@b15-mmr-14-05-4629]).

In the present study, whole genome microarray results obtained from previous studies were used to screen for differentially expressed kinase genes in BMECs treated with serum derived from patients with LC and normal healthy controls ([@b8-mmr-14-05-4629],[@b9-mmr-14-05-4629]). Bioinformatics tools were used to predict the functions of differentially expressed kinases, and the signaling pathways that they may regulate. Finally, a kinase inhibitor was used to inhibit the activity of a candidate protein kinase in a rat model of LF, in order to determine its effect on bone marrow tissue function.

Materials and methods
=====================

### Bioinformatics analysis

In a previous study ([@b9-mmr-14-05-4629]), the sera from 26 patients with LC and 10 healthy volunteers were used to treat BMECs for 48 h, resulting in identification of 1,872 differentially expressed genes by screening whole genome microarray chips, with 1,106 overexpressed genes and 766 underexpressed genes. Reverse transcription-quantitative polymerase chain reaction analysis was used to verify the results of the whole genome microarray chips in a previous study ([@b9-mmr-14-05-4629]). Patient clinical data, such as the number of blood cells in the 26 patients with LC, was described previously ([@b9-mmr-14-05-4629]). In the present study, pathway and gene ontology analyses of these differentially expressed genes were performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG; <http://www.genome.jp/kegg/pathway.html>) and the Database for Annotation, Visualization and Integrated Discovery (DAVID; <https://david.ncifcrf.gov/>) databases in order to identify their predicted functions and the signaling pathways that they may regulate. Differentially expressed protein kinase genes were identified using the Kinase Substrate Database (<http://kinasource.co.uk/Database/substrates.html>), and were selected for further screening. The search terms used to generate the protein kinase list was obtained from kinase library (<https://www.cellsignal.com/common/content/content.jsp?id=kinases>). The predicted pathways of differentially expressed kinase genes were identified using KEGG, and Cytoscape software (version 2.8.2; <http://www.cytoscape.org/>) was used to generate a kinase-pathway network. ActivePerl software (version 5.16.2; <http://www.activestate.com/activeperl/>) was used to retrieve literature data from the National Center for Biotechnology Information (U.S. National Library of Medicine, Bethesda, MD, USA) PubMed database (<http://www.ncbi.nlm.nih.gov/pubmed>). The search results included the titles and abstracts of publications, and the search keywords were the names of the differentially expressed genes and 'bone marrow apoptosis' (for example, 'AKT and bone marrow apoptosis').

### Animal model

All procedures involving animals, including animal feeding, operation and sacrifice, were performed after receiving the approval of the institutional ethics review board of the First Affiliated Hospital of Harbin Medical University (Harbin, China). A total of 36 healthy male Wistar rats (weight, 230--250 g; age, 7 weeks; purchased from Changchun Yisi Laboratory Animal Co., Ltd., Changchun. China) were used in the present study, maintained on a 12-h light/dark cycle in a temperature- and humidity-controlled room with access to water and food *ad libitum*. The rats were divided into a sham group (control), consisting of 13 rats with a bile duct that was separated but not ligated, and an LF group, consisting of 23 rats with a bile duct that was ligated. To achieve this, the rats were weighed, and 10% chloral hydrate was injected intraperitoneally (0.3 ml/100 g body weight) to anesthetize the rat, which normally required 2--3 min. The animal was then fixed on the experiment bench, and the hair from the abdomen was shaved to prepare the skin, which was disinfected and surgical drapes were placed over the abdomen. A 2--3 cm incision was made along the midline section of the abdomen below the xiphoid, and retractors were used to open the abdominal walls and fix them in place. The abdominal organs were examined and were observed to be normal. The duodenum at the pylorus was then identified, and in the middle section of the duodenum, the light yellow bile duct 4 cm in length and with a diameter of 2 mm was observed. A glass dissecting needle was used to isolate 1 cm of bile duct from its upper section. For the LF group, a 3--0 thread was used to ligate the short duct at the proximal and distal ends, and the duct was cut in the middle. For the control group, there was no further treatment after the bile duct was isolated. The abdomen was closed, and a 2--0 thread was used as a simple continuous suture of the peritoneum and muscle, which was applied at an interval of 0.5 cm, and as a discontinuous suture of the skin. Following surgery, 5 ml of saline solution was administered in the tail vein for rehydration. The rats were placed in a warm location until they recovered, which occurred after \~3 h. The rats were provided with food and water *ad libitum*, and their condition was monitored every day including mental condition, feeding state, and skin and urine color. At 3 weeks following surgery, three rats were selected at random from each group for liver pathological examinations to verify the status of the rat model.

Aside from the 10 rats in the control group, the 14 rats in the LF group that survived after the model was established, were randomly divided into two subgroups: The kinase inhibitor group, consisting of seven rats that were treated with a kinase inhibitor, and the LF group, consisting of seven rats that were treated with the solvent solution without the kinase inhibitor.

Based on the bioinformatics analysis results, p38a was selected as the target kinase, and the p38a kinase inhibitor SB203580 (Selleck Chemicals, Houston, TX, USA) was used to perform subsequent experiments. The chemical formula of SB203580 is shown in [Fig. 1](#f1-mmr-14-05-4629){ref-type="fig"}. The kinase inhibitor group was treated with SB203580 (hereafter referred to as the SB203580 group). To achieve this, 50 mg SB203580 was dissolved in 1 ml dimethyl sulfoxide (DMSO) prior to the addition of 19 ml sterile saline solution to produce a 5% DMSO inhibitor solution. At 3 weeks following surgery, the LF rats were treated with SB203580 for 7 days. A total of 1 mg inhibitor solution/kg body weight was injected intravenously each day into rats in the SB203580 group. The LF and control groups were given an equal volume of 5% DMSO solution. After 1 week, 10% chloral hydrate was injected intraperitoneally (0.3 ml/100 g body weight) to terminally anesthetize the rat. Following anesthesia, the femur and tibia were isolated, and the muscle and tendon were removed, then the rats were sacrificed by bloodletting from the abdominal aorta. Samples were collected for blood analysis, pathological examination of the liver, a bone marrow smear, and apoptosis-associated tests.

### Blood counts

Whole blood (3 ml) from all rats was obtained from the abdominal aorta immediately after the femurs were removed. Whole blood samples were analyzed using a Cell-Dyn 3500 (Abbott Diagnostics, Abbott Park, IL, USA) programmed for rat peripheral blood cells. The absolute number of leukocytes and platelets, and concentration of hemoglobin were determined.

### Hematoxylin and eosin (H&E) staining of the liver

The rat liver was fixed in 10% neutral formalin for 24 h, followed by dehydration and embedding in paraffin. Sections were prepared using a microtome (Labsun China Co. Ltd., Shanghai, China) to slice the paraffin wax. Slice thickness was set to 7 µm. The slices were washed in phosphate buffered saline (PBS) for 5 min, and hematoxylin was used to stain the nuclei for 5 min, followed by destaining with hydrochloric acid and ethanol for 30 sec. The slices were then washed using tap water and distilled water for 1 min. Eosin staining was performed for 30 sec, followed by a 70% ethanol rinse for 30 sec, a 90% ethanol rinse for 30 sec, a 95% ethanol rinse for 30 sec, two 100% ethanol rinses for 2 min each time and xylene clearing twice for 5 min each time. The stained slices were observed under an inverted light microscope.

### Massons trichrome staining of the liver

Paraffin-embedded slices were dewaxed and rehydrated, before the slices were washed in tap water and distilled water. Regaud\'s hematoxylin staining solution or Weigert\'s hematoxylin staining solution was used to stain the nuclei for 5--10 min before washing. The slices were thoroughly washed thoroughly with water. If the tissues were over-stained, they were destained with 1% hydrochloric acid in ethanol and washed with distilled water. Masson Ponceau-acidic fuchsin staining solution was used to stain the slices for 5--10 min, and 2% acetic acid was then used to briefly wash the slice. The slices were subsequently destained with a 1% phosphomolybdic acid aqueous solution for 3--5 min before they were stained with aniline blue or green staining solution for 5 min. The slices were briefly rinsed with a 0.2% glacial acidic acid solution and then rinsed in 95% ethanol and absolute ethanol, cleared in xylene and sealed with neutral resin.

### Preparation of bone marrow smears

After the rats were anesthetized, the femur and tibia were isolated, and the muscle and tendon were removed. The metaphysis of the long bone was removed, and rat serum was used to repeatedly wash the marrow cavity until no marrow remained. A pipettor was used to mix the bone marrow fluid until uniform. One drop of bone marrow fluid was then placed at one end of a slide, and the frosted end of another glass slide was used to flatten the drop and spread it along the slide. The slide was air-dried at room temperature for subsequent bone marrow staining.

### Apoptosis detection in the bone marrow

DNA damage and cell death in rat bone marrow samples was detected using the ApopTag Plus Peroxidase *in situ* Apoptosis detection kit (cat. no. S7101; EMD Millipore, Billerica, MA, USA) according to manufacturer\'s instructions. Briefly, tissue sections were deparaffinized and pretreated with Proteinase-K solution (20 µg/ml) at room temperature for 15 min. Endogenous peroxidase activity was quenched using 3% hydrogen peroxide in PBS at room temperature for 15 min. Following incubation with terminal deoxynucleotidyl transferase at 37°C for 1 h, the apoptotic cells were visualized under a bright-field microscope using a diaminobenzidine (DAB)-based detection system supplied with the kit, and sections were counterstained with the methyl green nuclear stain (Trevigen, Gaithersburg, MD, USA). Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells were counted in five high-power fields of view (magnification, ×40) selected at random, and counts from three sections for each rat were used for statistical analysis.

### Detection of caspase 3 and von Willebrand factor (vWF) in the bone marrow

Immunohistochemical staining was conducted using the streptavidin-peroxidase method ([@b16-mmr-14-05-4629]). Tissue sections were first prepared using the procedures described above. Endogenous peroxidase activity was inhibited by incubating tissue sections in 3% hydrogen peroxide. Antigen retrieval was achieved by autoclaving tissue samples at 120°C for 15 min in 0.01 M citrate buffer (pH 6.0). The sections were incubated overnight at 4°C with rabbit polyclonal anti-caspase 3 (dilution, 1:65; cat. no. WL0146; Wanleibio Co., Ltd., Shenyang, China) and anti-vWF (dilution, 1:65; cat. no. sc-365712; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) primary antibodies. The biotinylated goat anti-rabbit IgG secondary antibody (dilution, 1:1,000; cat. no. A0277; Beyotime Co. Ltd., Shanghai, China) was then applied for 30 min at room temperature. Sections were treated with horseradish peroxidase-labeled streptavidin (Beyotime Co. Ltd.) for 30 min at 37°C. Then sections were visualized by 3,30-DAB-tetrahydrochloride horseradish peroxidase color development kit staining (cat. no. P0203; Beyotime Co. Ltd.). The expression of caspase-3 and vWF were quantified using Image-Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA).

### Statistical analysis

Data are expressed as the mean ± standard deviation. Comparisons between two groups were performed using the Student\'s *t*-test. Based on information provided by the company that conducted the mRNA microarray analysis (KangChen Bio-tech Inc., Shanghai, China), a ≥2-fold alteration in gene expression was considered to be significant ([@b9-mmr-14-05-4629]). Statistical analyses were performed using SPSS statistics software (version, 15.0; SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Screening of differentially expressed protein kinases in bone marrow endothelial cells during LC

Additional pathway and functional analyses were performed on the 1,106 overexpressed genes and 776 underexpressed genes identified in a previous study, whereby BMECs were treated with serum from patients with LF or normal healthy individuals ([@b9-mmr-14-05-4629]). In the present study, a total of 14 differentially expressed kinase genes were identified through screening, of which nine were overexpressed \[Janus kinase 3 (JAK3), G-protein-coupled receptor kinase 6 (GRK6), AKT serine/threonine kinase 1 (AKT1), protein kinase, X-linked (PRKX), myosin light chain kinase (MYLK), calcium/calmodulin-dependent protein kinase type II β-chain (CAMK2B), Erb-B2 receptor tyrosine kinase 3 (ERBB3), Src and p38a\] and five were underexpressed \[3-phosphoinositide-dependent kinase 1 (PDPK1), receptor-interacting serine/threonine-protein kinase 3 (RIPK3), casein kinase 2α-1 (CSNK2A1), epidermal growth factor receptor (EGFR) and neurotrophic receptor tyrosine kinase 1 (NTRK1)\]. In the present study, KEGG pathway analysis demonstrated that these differentially expressed kinases may regulate a number of important signaling pathways ([Fig. 2A](#f2-mmr-14-05-4629){ref-type="fig"}). The results of the literature mining demonstrated that \>153 reports regarding p38a and 'bone marrow apoptosis' were identified, which was the greatest number of reports identified when compared with the other kinases that were searched ([Fig. 2B](#f2-mmr-14-05-4629){ref-type="fig"}). Therefore, p38a was selected as the candidate kinase for further investigation, and the p38a inhibitor SB203580 was employed in subsequent experiments.

### Liver fibrosis model

As shown in [Fig. 3A](#f3-mmr-14-05-4629){ref-type="fig"}, the rat livers in the control group were reddish in color, with a smooth surface and a soft texture. In contrast, rat livers in the LF group exhibited a dull yellow color, and the surface possessed uniform granules with a hard texture when handled. Compared with the control group, livers from the LF group were visibly reduced in volume and weight. In addition, the livers from the LF group were observed to frequently adhere to other organs, and there were difficulties when isolating the organ ([Fig. 3A](#f3-mmr-14-05-4629){ref-type="fig"}).

As demonstrated by H&E staining, the liver tissue in control rats at three weeks following surgery exhibited a normal structure, and the hepatocytes were intact and aligned in order ([Fig. 3B](#f3-mmr-14-05-4629){ref-type="fig"}). The liver tissue did not present with lesions, the liver lobular structure was normal, and the hepatic cord exhibited a regular structure without abnormal fibrosis. At 3 weeks following surgery in the LF group, the liver tissue exhibited a disorganized structure, and several striped regions of fibrosis were observed ([Fig. 3B](#f3-mmr-14-05-4629){ref-type="fig"}). As determined using Masson\'s trichrome staining, no collagen was observed in the livers from the control group at three weeks following surgery ([Fig. 3B](#f3-mmr-14-05-4629){ref-type="fig"}). However, in the LF group, collagen fiber hyperplasia was observed, the portal area was expanded, and the over-proliferated fibers extended out from the central vein or portal area ([Fig. 3B](#f3-mmr-14-05-4629){ref-type="fig"}).

As demonstrated by H&E staining at 4 weeks following surgery, the livers from LF group rats exhibited an abnormal lobular structure. The presence of fibrous connective tissue hyperplasia, pseudolobule formation and damaged lobular structures were separated and formed hepatocyte groups of different sizes ([Fig. 3C](#f3-mmr-14-05-4629){ref-type="fig"}). The degree of liver fibrosis in the SB203580 group was markedly reduced compared with that of the LF group. Masson\'s trichrome staining of liver samples at 4 weeks following surgery demonstrated that collagen fiber hyperplasia was more pronounced in the LF group, with several samples demonstrating fibrous septa formation, and separation of the liver lobules to form pseudolobules. In contrast, the fiber hyperplasia in the SB203580 group was reduced compared with that of the LF group ([Fig. 3C](#f3-mmr-14-05-4629){ref-type="fig"}).

### Analysis of blood cell number

As shown in [Table I](#tI-mmr-14-05-4629){ref-type="table"}, analysis of blood cells at 4 weeks following surgery demonstrated that the amount of hemoglobin was 157.66±8.19 g/l, the number of white blood cells was 17.08±1.47×109 cells/l, and the number of platelets was 527.44±49.77×109 cells/l in the control group. In the LF group, the amount of hemoglobin was 143.40±8.26 g/l, the number of white blood cells was 15.29±2.65×109 cells/l, and the number of platelets was 422.01±43.80×109 cells/l. In the SB203580 group, the amount of hemoglobin was 153.80±3.75 g/l, the number of white blood cells was 16.53±2.59×109 cells/l, and the number of platelets was 487.72±48.04×109 cells/l. A comparison of the three groups including comparison between any two groups demonstrated that there was no significant difference in the amount of hemoglobin or the number of white blood cells among the groups. However, a significantly higher number of platelets were observed in the SB203580 group and the control group when compared with the LF group (SB203580 group vs. LF group, P=0.0303; control group vs. LF group, P\<0.0001). No significant difference in platelet number was observed between the SB203580 and the control groups.

### vWF expression in bone marrow smear

Positive immunohistochemical staining of vWF was indicated by the presence of brown-colored cells. The positive expression rate was 12.67±2.40% in the control group, 30.86±6.85% in the LF group and 17.73±4.37% in the SB203580 group ([Fig. 4](#f4-mmr-14-05-4629){ref-type="fig"}). vWF expression was significantly increased (P=0.0122) in the LF group compared with the control group. Compared with the SB203580 group, vWF expression in the LF group was significantly decreased (P=0.0488), however, no significant difference was observed between the control and SB203580 groups ([Fig. 4](#f4-mmr-14-05-4629){ref-type="fig"}).

### Detection of bone marrow apoptosis

Positive TUNEL detection is indicated by the presence of brown-yellow colored cells. As shown in [Fig. 4](#f4-mmr-14-05-4629){ref-type="fig"}, the positive expression rate was 12.57±2.86% in the control group, 57.28±11.03% in the LF group and 33.61±9.24% in the SB203580 group. Bone marrow apoptosis was significantly higher in the LF group compared with the control group (P=0.0024). In addition, bone marrow apoptosis was significantly decreased in the SB203580 group compared with the LF group (P=0.0197), whereas a significant increase in apoptosis was observed between the SB203580 group and the control group (P=0.0464; [Fig. 4](#f4-mmr-14-05-4629){ref-type="fig"}).

### Caspase 3 expression in the bone marrow

Positive immunohistochemical staining of caspase 3 is indicated by the presence of brown-colored cells. The positive expression rate of caspase 3 was 13.37±4.40% in the control group, 48.13±13.67% in the LF group and 23.78±4.80% in the SB203580 group ([Fig. 4](#f4-mmr-14-05-4629){ref-type="fig"}). Compared with the control group, caspase 3 expression was significantly increased in the LF group (P=0.0138). Caspase 3 expression was significantly reduced in the SB203580 group compared with the LF group (P=0.0436), whereas no significant difference was observed between the SB203580 and the control group ([Fig. 4](#f4-mmr-14-05-4629){ref-type="fig"}).

Discussion
==========

In the present study, bioinformatic analysis was performed on the whole genome array data obtained from a previous study ([@b9-mmr-14-05-4629]), and 14 differentially expressed genes that encode protein kinases were observed in BMECs following exposure to serum from patients with LC. Out of these, nine genes were overexpressed, and five genes were underexpressed. Based on these results, combined with the literature-mining results, the p38a protein kinase and its inhibitor, SB203580, were selected for *in vivo* experiments. The results of the *in vivo* experiments indicated that the bone marrow apoptotic rate, and the level of caspase 3 and vWF expression in rats with LF, was significantly increased compared with controls. This demonstrated that endothelial cell damage may be increased in rats with LF compared with normal rats. However, following administration of the p38a inhibitor, SB203580, the rate of apoptosis, caspase 3 and vWF expression levels were significantly decreased.

Numerous studies have demonstrated that protein kinases are the most important factors for regulating cell behavior and function. The central role of protein kinases in regulating cell behavior indicates their potential for use as therapeutic targets in cancer, inflammation and numerous additional diseases, which has been studied widely ([@b17-mmr-14-05-4629]--[@b19-mmr-14-05-4629]). Among the methods used to screen target kinases, whole genome arrays provide a significant amount of information about protein kinases, and have become an important method for identifying and analyzing kinases and kinase families. For example, Hofberger *et al* ([@b20-mmr-14-05-4629]) used whole genome and bioinformatics analysis tools to study the expression and function of the L-type lectin receptor kinase gene family in the Brassicaceae flowering plant family. Draghetti *et al* ([@b21-mmr-14-05-4629]) used whole genome analysis and determined that polo-like kinase 2 functions to regulate the differentiation of neurons. In the present study, whole genome and bioinformatics analyses were performed to screen for differentially expressed genes that encode protein kinases in BMECs following exposure to serum derived from patients with LC. Based on the results of bioinformatics and literature mining as shown in [Fig. 2](#f2-mmr-14-05-4629){ref-type="fig"}, the p38a kinase was identified as a potentially important factor in LC and was subject to further investigation. The *in vivo* experimental results confirmed that the use of whole genome methods to screen for target kinases is practical and effective.

In a previous study, the ultrastructure of BMECs in rats with LF was observed to be altered ([@b22-mmr-14-05-4629]). Furthermore, vWF, an endothelial cell injury biomarker, was increased compared with normal controls ([@b22-mmr-14-05-4629]). In the process of vascular endothelial damage, vWF mediates leukocyte and platelet adhesion ([@b23-mmr-14-05-4629]). As the production of vWF is increased during vascular endothelial cell injury, it has been proposed to be an indicator of endothelial dysfunction ([@b24-mmr-14-05-4629]). Consistent with these observations, the expression of vWF was observed to increase in the bone marrow smears from rats with LF compared with those of the controls in the current study. Additional studies involving a rat model of LF have also demonstrated an increased vWF expression in bone marrow smear tests ([@b8-mmr-14-05-4629],[@b9-mmr-14-05-4629]). Previous *in vitro* experiments have demonstrated that the serum from patients with LC may induce BMEC apoptosis ([@b9-mmr-14-05-4629]). The *in vivo* results from the present study indicated that the apoptosis rate and the expression of caspase 3 in the bone marrow tissues of rats with LF were increased when compared with those of normal rats. These results suggest that LF may affect bone tissue survival and function, which may provide an explanation for the abnormal number of blood cells observed during LF. As an important component of the bone marrow microenvironment, BMECs support the growth and adhesion of hematopoietic cells, and secrete a number of cytokines to regulate hematopoietic cell functions. However, injury to, and apoptosis of, these cells may exacerbate the damage to bone marrow tissues during LC ([@b25-mmr-14-05-4629]). Previous studies have demonstrated that p38a is highly expressed in BMECs during LC ([@b9-mmr-14-05-4629]). p38a is an important member of the mitogen-activated protein kinase (MAPK) family, is involved in cell survival, differentiation and apoptosis, and is important in several cellular signaling pathways ([@b26-mmr-14-05-4629]). Studies have demonstrated that p38a is closely associated with injury and apoptosis of the vascular endothelium. p38a regulates the production of tumor necrosis factor alpha (TNFα), interleukin 1 (IL-1) and other inflammatory cytokines, and the subsequent signaling cascade leads to the release of a large amount of proinflammatory cytokines that may cause injury to endothelial cells ([@b27-mmr-14-05-4629]). In addition, p38a is involved in the expression of the inducible isoform of nitric oxide synthase (iNOS) in endothelial cells, as well as the production of nitric oxide ([@b28-mmr-14-05-4629]). Inhibiting this signaling pathway may reduce the production of iNOS and additional cytokines, as well as preventing the transport of the apoptotic protein BAX into mitochondria, thereby reducing injury to endothelial cells ([@b28-mmr-14-05-4629]). In addition, p38a may promote apoptosis by activating the tumor suppressor gene p53, the proto-oncogene *c-myc* and additional important genes, including stat1 and PKB ([@b29-mmr-14-05-4629]). Taking these observations into account, the authors hypothesize that the p38a kinase, which is highly expressed in BMECs during LC, may be an important factor in the injury and apoptosis of these cells. In support of this notion, Zhou *et al* ([@b30-mmr-14-05-4629]) demonstrated that p38a was highly expressed in patients with bone marrow hypoplasia, and it was found to regulate apoptosis in hematopoietic stem cells. These results are consistent with those presented in the current study.

Studies have indicated that specific cytokines may function as critical regulators of p38a expression in BMECs during LC. For example, transforming growth factor-β (TGFβ) has been observed to be an important factor that activates the p38-MAPK signaling pathway ([@b31-mmr-14-05-4629]). Induction of TGFβ expression is one of the most important factors for promoting the onset of LC, and is maintained at a higher level in the blood during LC ([@b32-mmr-14-05-4629]). Therefore, the blood environment during LC may provide favorable conditions for the activation of the p38-MAPK signaling pathway in BMECs. In addition, TNFα is a potential factor that may activate p38a. Studies have demonstrated that serum TNFα levels in LC patients are significantly higher when compared with normal healthy individuals, and TNFα is reportedly capable of regulating bone repair following injury by activating p38a ([@b33-mmr-14-05-4629]). Of particular note, TNFα and p38a interact and activate caspase 3 to induce endothelial cell apoptosis ([@b34-mmr-14-05-4629]). Nagila *et al* ([@b35-mmr-14-05-4629]) demonstrated that p38a inhibitors may reduce TNFα-induced apoptosis during dengue fever-induced liver damage. Therefore, TNFα may serve an important role in p38a-mediated BMEC apoptosis during LC. In addition, endotoxins may exacerbate bone marrow damage during LC ([@b22-mmr-14-05-4629]). Portal hypertension during LC leads to reduced intestinal blood perfusion and damage to intestinal mucosa barrier function, which results in bacterial translocation ([@b25-mmr-14-05-4629],[@b36-mmr-14-05-4629]). As a consequence, a large quantity of intestinal toxins enter the blood, and lipopolysaccharide (LPS), the major component of endotoxin, may damage the vascular endothelial system and affect hematopoiesis in the bone marrow ([@b37-mmr-14-05-4629]). However, whether TGFβ, TNFα, LPS or additional factors induce the high expression levels of p38a kinase observed in BMECs during LC requires further investigation and verification.

In recent years, increased research has focused on protein kinases as therapeutic targets for a number of diseases, and the development of novel kinase inhibitors is growing rapidly. In addition, research into p38a inhibitors has progressed rapidly, and SB203580 is the most representative and widely used p38a inhibitor. Furthermore, compared with other p38a inhibitors, SB203580 exhibits a more specific inhibitory effect ([@b38-mmr-14-05-4629]). Therefore, SB203580 was employed as a p38a kinase inhibitor for the purposes of the present study. Following the administration of SB203580, vWF expression in bone marrow smear samples was significantly decreased compared with that of the LF group, which indicates that inhibition of p38a kinase may reduce injury to the bone marrow endothelium during LF. In addition, the bone marrow tissue apoptotic rate and caspase 3 expression in the SB203580 group were significantly reduced compared with that of the control group, which suggests that p38a kinase may be an important factor that induces bone marrow tissue apoptosis during LF. Consistent with these results, Zhou *et al* ([@b30-mmr-14-05-4629]) demonstrated that use of the p38a inhibitor may reduce hypoplastic bone marrow tissue apoptosis and stimulate hematopoiesis. The results of the present study associated with the application of SB203580 suggest the ability of p38a kinase to promote bone marrow tissue injury and apoptosis during LF, and the p38 kinase may therefore be a novel therapeutic target for treating the abnormal blood cell count observed during LC.

In conclusion, the present study performed whole genome and bioinformatics analyses to identify 14 differentially expressed genes that encode protein kinases in BMECs exposed to serum from patients with LC. Using a common bile duct ligation method, a rat model of LF was established successfully. Immunohistochemical analytical methods demonstrated that the expression levels of vWF, which is an indicator of endothelial cell injury, were significantly increased in the bone marrow smears of rats with LF compared with those of normal rats. In addition, the rate of apoptosis in rats with LF was also significantly increased compared with the controls. However, administration of the p38a inhibitor, SB203580, in rats with LF may improve these abnormal phenotypes to a certain degree. These results suggest that p38a may serve an important role in the damage and apoptosis of BMECs and bone marrow tissue during LF. However, further extensive experiments are required to elucidate the specific mechanisms involved in these processes.
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![Differentially expressed protein kinases in BMECs treated with serum from patients with LF. (A) Kyoto Encyclopedia of Genes and Genomes (<http://www.genome.jp/kegg/pathway.html>) pathway analysis of 14 differentially expressed protein kinases. A total of nine protein kinases were overexpressed (JAK3, GRK6, AKT1, PRKX, MYLK, CAMK2B, ERBB3, SRC, p38a) and five were underexpressed (PDPK1, RIPK3, CSNK2A1, EGFR, NTRK1). (B) The number of reports identified regarding individual protein kinases and bone marrow apoptosis (search term, e.g., 'AKT1 + bone marrow apoptosis') as determined using the national center for biotechnology information PubMed (<http://www.ncbi.nlm.nih.gov/pubmed/>) database. BMECs, bone marrow endothelial cells; LF, liver fibrosis. See the main text for the abbreviations of the kinases.](MMR-14-05-4629-g01){#f2-mmr-14-05-4629}

![Establishment of a rat LF model and the effect of SB203580 on liver pathology in rats with LF. (A) Photographs of livers obtained from control and LF groups. H&E staining and Masson\'s trichrome staining of (B) control and LF rat group livers at 3 weeks following surgery and (C) control, LF and SB203580 rat group livers at 4 weeks following surgery (magnification, ×200; scale bars represent 100 µm). LF, liver fibrosis; H&E, hematoxylin and eosin; control group, sham-operated rats; LF group, rats that underwent ligation of the bile duct; SB203580 group, LF rats that underwent treatment with p38a inhibitor SB203580.](MMR-14-05-4629-g02){#f3-mmr-14-05-4629}

![Immunohistochemical analysis of bone marrow smears from control, LF and SB203580 groups for vWF, TUNEL and caspase 3-positive cells. For vWF, the positive expression rate was 12.67±2.40% in the control group, 30.86±6.85% in the LF group and 17.73±4.37% in the SB203580 group. For TUNEL-positive cells, the positive expression rate was 12.57±2.86% in the control group, 57.28±11.03% in the LF group and 33.61±9.24% in the SB203580 group. For caspase 3, the positive expression rate was 13.37±4.40% in the control group, 48.13±13.67% in LF group and 23.78±4.80% in the SB203580 group. Magnification, ×400; Scale bars represent 50 µm. \*P\<0.05 vs. control, LF or SB203580 groups as indicated; ns, P≥0.05. LF, liver fibrosis; vWF, von Willebrand factor; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; ns, not significant; control group, sham-operated rats; LF group, rats that underwent ligation of the bile duct; SB203580 group, LF rats that underwent treatment with p38a inhibitor SB203580.](MMR-14-05-4629-g03){#f4-mmr-14-05-4629}

###### 

Analysis of blood cells in control, LF and SB203580 rats at 4 weeks following surgery.

  Group      n     Hemoglobin (g/l)   Leukocytes (×10^9^/l)   Platelets (×10^9^/l)
  ---------- ----- ------------------ ----------------------- --------------------------------------------------------------
  SB203580     7   153.80±3.75        16.53±2.59              487.72±48.04^[a](#tfn1-mmr-14-05-4629){ref-type="table-fn"}^
  LF           7   143.40±8.26        15.29±2.65              422.01±43.80
  Control    10    157.66±8.19        17.08±1.47              527.44±49.77^[a](#tfn1-mmr-14-05-4629){ref-type="table-fn"}^

P\<0.05 vs. the LF group. LF, liver fibrosis; control group, sham-operated rats; LF group, rats that underwent ligation of the bile duct; SB203580 group, LF rats that underwent treatment with the p38a inhibitor, SB203580.
